We have constructed a novel ring cavity for a double-clad thulium-doped fiber laser, by placing the fiber's 45°angle-polished output end before the input end and relaunching the pump and the laser power into the fiber. This design can reduce reabsorption by using short fibers without loss of pump efficiency. The dependence of the laser's performance on the fiber's length and the output coupler's reflectivity is investigated experimentally and theoretically. With an 80-cm-long fiber, 2.7-W singlemode continuous-wave output is generated for 11.5 W of launched pump power.
Introduction
High-power laser radiation at wavelengths near 2 m has recently shown much promise for a number of applications, including various remote-sensing applications and in medical and military technology. 1, 2 Following the development of high-power laser-diode arrays during the past decade, thulium-doped laser systems are potential candidates for efficient laserdiode-pumped operation. Compared with bulk solid-state lasers, cladding-pumped fiber lasers offer a compact solution to the need for both high power and good beam quality. 3 Recently, 14-W continuous-wave output with a slope efficiency of 46% for 36.5-W launched pump power was obtained by Hayward et al. 4 from a cladding-pumped Tm-doped silica fiber laser. In conventional cladding-pumped fiber lasers, the cavity is formed by attaching a plate mirror to each end of the fiber. In this configuration, efficient absorption of the pump power requires sufficiently long fiber. For four-level systems, e.g., Nd 3ϩ doped systems, using long fiber does not cause serious loss. For three-level or quasi-three-level systems, such as Tm 3ϩ and Er
3ϩ
, longer fiber will result in considerable reabsorption and therefore lead to high threshold and low efficiency. 5, 6 To reduce reabsorption, intense pump power should be maintained in the fiber to keep the population inversion relatively high. However, it is difficult to fulfill this requirement in the whole fiber without loss of conversion efficiency in the conventional Fabry-Perot cavity design because pump light reflected from the output coupler mirror in short fibers will likely damage the laser-diode pumping source. An alternative to the Fabry-Perot cavity is the ring cavity, in which pumping intensity can easily be kept high throughout the whole fiber. However, for double-clad fibers there is no suitable fiber multiplexer with which to construct a ring cavity, as can be done with single-mode communication fibers. Employment of bulk multiplexers, however, requires polarization control, which is also difficult to achieve in double-clad fibers. In this paper we report a new design for a ring cavity, the key component of which is a 45°angle-polished fiber output end that can relaunch both the signal and the pump light into the fiber. Continuous-wave single-mode 2.7-W output with a maximum slope efficiency of 32% is generated for 11.5-W launched pump power at 793 nm. Saturation of the output power because of the depletion of the ground-state population under hard pumping is observed. We also present a numerical model with which to analyze the performance of the quasi-three-level ring laser system, including the effects of ground-state absorption, cross relaxation, and upconversion. Good agreement between theoretical and experimental results is obtained.
Experimental Arrangement
The Tm-doped silica fiber used in our experiments has a Tm concentration of 1.1 wt. % and a peak absorption of 2.5 dB͞m at 791 nm. 7 The fiber has a core diameter of 10.3 m, a numerical aperture of 0.14, and a hexagonal first ͑inner͒ cladding with 125 m between its parallel planes, with a numerical aperture of 0.37. For the laser wavelength at 2 m, the core supports only one mode ͑LP 01 ͒.
A schematic diagram of the experimental arrangement is displayed in Fig. 1 . The pump source is a one-dimensional laser diode bar ͑S9911006, Hamamatsu Corporation͒. The beam is collimated by a fiber lens in its fast direction, and the final output is 0.5 mm ϫ 20 mm with a far-field divergence of 6.4 mrad in the fast direction and of 53.2 mrad in the slow one ͑1͞e 2 full width͒. Two cylindrical lenses reshape the beam to 2 mm in the slow direction at the focus of the second cylindrical lens. The pump beam is then coupled into the fiber by a 20ϫ objective lens ͑L3͒. All three lenses are antireflection coated at the pump wavelength. The maximum output from the laser bar is 20 W; the operating wavelength is 793 nm, and 11.5 W of power can be launched into the fiber. The pumping wavelength falls into the wide absorption region of 16 nm ͑FWHM͒ of the transition 3 H 6 3 3 F 4 centered at 791 nm. [7] [8] [9] The output end of the fiber is polished at 45°to the fiber axis such that the light from the fiber propagates perpendicularly to the axis by total internal reflection. To form the ring cavity we placed the angled fiber end before the objective lens ͑L3͒ and launched the emitted light into the fiber again. As is well known, the field distribution from the fiber has a Gaussian profile, and the output from the laser diode bar is non-Gaussian. The foci of these two beams through the same lens are different; this means that the position of the angled fiber end should differ from the focus of the pump beam for the best coupling to be achieved. In this way the loss from the diffraction of the angled fiber facet will be small. In our experiment, the distance between the fiber output end ͑A͒ and the focus ͑B͒ of the pump beam is 8 mm, and the cross section of the pump beam in position A is 5 mm ϫ 2 mm. The loss of pump power as a result of diffraction of the angled fiber facet is less than 1%. A dichroic mirror ͑1 mm thick͒ in front of the objective lens is used as the output coupler. The output is collimated with a fused-silica lens, and the residual pump light is blocked by a coated filter. The power is measured with a powermeter ͑New Focus PM100͒. The temporal response of the output is monitored by an InAs photodiode and a digital oscilloscope ͑Hewlett-Packard Model HP 546000A͒.
Theoretical Model and Numerical Analysis
To examine the performance of the Tm-doped ring cavity fiber laser when cross relaxation and groundstate depletion are taken into account, we constructed a model for hard pumping at the 3 F 4 energy level. The four lowest-energy manifolds of trivalent Tm are sketched in Fig. 2 ; the pump and laser transition and the energy transfer mechanisms are indicated. The rate equations for the local population densities of these levels at position z are as follows:
where P and S are the average photon density of the pump and the laser field, respectively, whose radial distributions are assumed in the top-hat profile. The total laser field is the sum over the forward ͑prop-agating in the same direction as the pump͒ and the backward propagating in the reverse direction to that of the propagation of the pump͒ directions, S ϭ S f ϩ S b , c is the velocity of light in the fiber, p is the absorption cross section on the pump transition, and e͑a͒ is the stimulated emission ͑absorption͒ cross section on the laser transition. i is the lifetime of level i owing to spontaneous decay, ␤ ij is the branching ratio of the spontaneous transition i 3 j, and k ijkl describes the energy transfer processes i 3 j and k 3 l. In the model, we assume no population in level 3 because the lifetime of level 3 is quite short compared with those of levels 4 and 2 and almost all the ions in level 3 are transferred to level 2 by nonradiative relaxation. 8 If we assume that the radial distributions of the pump and the laser fields do not vary along the whole length of the fiber, pump P and forward S f and backward S b laser fields can be described by
where P is the pumping coefficient that depends on the ratio of the cross section of the first cladding to the core of the fiber. The positive sign in Eq. ͑5͒ relates to the forward ͑ϩz͒ direction; the negative sign, to the backward direction ͑Ϫz͒. In Eq. ͑5͒ it is assumed that there is negligible loss caused by intrinsic absorption of the fiber, and the losses introduced by the output coupler and the objective lens are included in the boundary conditions, which are given by P͑0͒ ϭ
Here P r is the launched pump intensity, R is the reflectivity of the dichroic output mirror on the laser wavelength, ␦ s͑ p͒ are losses at the laser ͑pump͒ wavelength ͑set to 0.04͒, and L is the length of the fiber. S f ͑0͒ and S b ͑0͒ are calculated from the end where the pump is injected. From Eq. ͑5͒ it can be seen that only if the value of ⌬␣ ϭ ͑ e N 2 Ϫ a N 1 ͒ is larger than 0 can the laser field receive gain from the pump. Otherwise the laser intensity will decrease because of the reabsorption. In continuous-wave operation, by solving Eqs. ͑1͒-͑3͒ in the limit of no cross relaxation or upconversion, k 2412 and k 2124 3 0, we obtain
where N is the Tm-dopant concentration. The lowest pump intensity for which the inversion population can be maintained high enough that the laser field grows continuously is
where we have used I P ϭ ch P P and P is the frequency of the pump. Using the data in Ref. Table 1 we summarize the values used in the numerical model. The populations of levels 4, 2, and 1 are shown in Fig. 3 as functions of the pump and the laser intensities, respectively. As expected, the population difference between levels 2 and 1 decreases with depletion of the pump intensity and growth of the laser intensity. In the conversion Fabry-Perot cavity regime, the gain will drop in the tail of the fiber, and long fibers are required for complete conversion. In the ring cavity regime, the undepleted pump is relaunched into the fiber, and a short fiber can be used.
Using the calculating population and iterating Eqs. Fig. 3 . Population density of the N1͑ 3 H 6 ͒, N2͑ 3 H 4 ͒, and N4͑ 3 F 4 ͒ energy levels as a function of ͑a͒ the laser intensity where the pump intensity is 0.4 GW͞m 3 and ͑b͒ the pump intensity where the laser intensity is 0.005 GW͞m ͑4͒ and ͑5͒ along the length of the fiber with the boundary conditions, we obtain the evolutions of the pump and laser intensity along the fiber. The results are shown in Fig. 4 . In the ring cavity regime described above, the pumping is the same for the forward and the backward laser fields. The forward laser field gets more pump energy near the input end, and the pump field is depleted. Therefore the backward laser field cannot take enough energy from the pump field and consequently is suppressed to a low degree. From Fig. 4 , the backward laser field is found to be much smaller than the forward laser field. When the pump power is increased, the forward laser field grows faster along the fiber; then the backward laser field decreases correspondingly. This is verified by the experiments in which most times the backward output is below the lower limit of the powermeter used in the experiments.
The dependence of the output laser power on the reflectivity of the output coupler is shown in Fig. 5 .
For the forward-direction output there is an optimum reflectivity that will produce the maximum output for a given pump power. The optimum value moves to high reflectivity when higher pump power is launched. For the backward-direction output, because high reflectivity of the output coupler reduces the feedback of the forward laser field at the input end and the forward laser cannot deplete the pump sufficiently, the backward output power increases exponentially with increasing reflectivity. In the limit R 3 100% with no feedback at all, the backward laser field can get the most energy from the pump and the backward output is larger than the forward laser output, as in a superfluorescent fiber laser. 12 The fiber length is another important parameter in the design of fiber lasers. Like that in straight Fabry-Perot fiber lasers, there is an optimum length of fiber for the ring fiber laser ͑see Fig. 6͒ , of which the forward laser output reaches a maximum value for a fixed pump power. Correspondingly, the backward laser field takes the minimum value at this optimum length. As expected, the optimum length for the high pump power is greater than that for lower pump power. Compared with that of straight fiber lasers, 13 the optimum length for the ring cavity is found to be approximately half of that of the straight fiber lasers in most cases. It can be seen from Fig. 6 that Fig. 4 . Evolution of ͑a͒ the pump and ͑b͒ the forward and ͑c͒ the backward laser fields along the length of the fiber. Reflectivity of the output coupler, 0.5; length of the fiber, 100 cm. the curves for the high-pump-power overlap in the short fiber. This means that the gain saturation occurs in the high pump power and that increasing the pump power further does not produce an increase in laser output. 6 
Experimental Results and Discussion
Using the experimental setup described above, we measured the output of the ring fiber laser. Three output couplers, with reflectivities of 40%, 50%, and 80%, are used for various lengths of fibers. Some experimental results are presented in Figs. 5 and 6 ; agreement with the theoretical simulation can be found. Figure 7 shows a typical forward output with a coupler reflectivity of 50%. For the reasons given above, only few data on the backward output are obtained in our experiments, and the curve for the backward output is omitted. The laser output wavelength is ϳ1.9 m, and no significant variation is observed when the fiber length changes from 60 to 100 cm as a result of suppression of reabsorption in the ring cavity. With a 50% reflectivity coupler, 2.7-W single-mode output is generated in an 80-cmlong fiber for 11.5-W launched pump power, and a maximum slope efficiency of 32% with respect to the launched pump power is obtained in the 60-cm-long fiber. The fluctuation in output power is less than 5% for all launched pump power. Gain saturation obviously can be observed in the fiber of 60-cm length. The thresholds of the forward laser field are measured to be ϳ1.7 W for the 50% reflectivity output coupler and 2.4 W for 80% reflectivity for all fibers used in the experiments. The small degree of dependence of the threshold on the length of the fiber can be explained by reference to Figs. 3 and 4. For the fiber laser with the ring cavity, the population inversion along the fiber is high enough that the reabsorption loss does not increase when the longer fiber is used; thus the ratio of the integral gain to the reabsorption loss, or the threshold, does not vary when the length of fiber is changed. Figure 8 displays the variation of the slope efficiency as fiber cavity parameters are varied. For the short fibers the slope efficiency is higher. The development of the slope efficiency for short fibers results from the reduction of reabsorption-scattering loss. The highest slope efficiency occurs with the output coupler of 50% reflectivity in agreement with the calculated optimum reflectivity shown in Fig. 5͑a͒ .
In the experiment, the launched efficiency from laser-diode bar to fiber is somewhat low because of the large beam divergence of the laser-diode bar and the small diameter of the inner cladding of the fiber. Improved launch efficiency can be expected with use of the best focusing system or with a high-brightness laser-diode bar. Meanwhile, multimode fiber can be considered to improve the launched efficiency, in which one can select the single mode by bending the fiber and adjusting the feedback condition or the nonuniform dopant profile. In fact, in some cases, 4 even when no special mode-selection technique is applied, the competition between the modes can also lead to single-mode output in a multimode fiber laser. Losses in the ring cavity caused by the output coupler and the objective lens are important to optical-tooptical efficiency. With coating on the surface of the high-quality fiber end, the low-loss coupler, and the lens, high conversion efficiency should be achieved. Another improvement for the experiment is using a fiber with a heavy concentration of Tm 3ϩ ions. Because the ring cavity can maintain high pump intensity along the fiber, using a heavy-concentration fiber can directly increase the efficiency. Additionally, ion-ion interaction in a fiber with a heavy dopant concentration enhances the energy transfer by twofor-one cross relaxation and leads to high slope efficiency. Finally, it should be noted that the levels of 3 H 4 and 3 H 6 consist of several Stark sublevels, the effects of which are excluded from our model. In thermal equilibrium, the reabsorption of the short wavelengths is more probable than that of long wavelengths. This mechanism makes the peak of the output field move to the long-wavelength direction and decreases the quantum efficiency. Taking this mechanism into account is important in the design of a tunable fiber laser source.
Conclusion
We have demonstrated a new design for the ring cavity for laser-diode-pumped Tm-doped double-clad fiber lasers that can reduce the reabsorption loss by using a short length of fiber and increasing the conversion efficiency. With an output coupler of 50% reflectivity, 2.7-W continuous-wave single-mode output is produced for 11.5-W launched pump power, and a maximum slope efficiency of 32% is obtained in 60-cm-long fiber. Further improvements can be achieved by use of a heavy dopant concentration and multimode fibers. The dependence of the laser output on the cavity parameters with various pump powers has been investigated experimentally and theoretically. It has been shown that the optimum fiber length of the ring cavity is approximately half of that of the straight Fabry-Perot cavity fiber laser. In addition to an increase of the pump power, high reflectivity of the output coupler is required for maximum forward output. Good agreement between experimental results and calculations has been achieved.
